This article summarizes epidemiological studies of inflammation markers, particularly C-reactive protein, and cardiovascular disease as of early 2002. Gaps in the research and the public health practice implications are also discussed. Although considerable work has been published since this review was completed, the perspectives and issues presented are still useful in evaluating the use of inflammation markers for risk stratisfication and prevention. (Circulation. 2004;110:e554-e559.)
Recommendations for Research
1. If possible, pool prospective population studies with multiple adjustment for other cardiovascular disease (CVD) risk factors to better describe the independent association between hsCRP and CVD end points, including different CVD subgroups, and to explore pos-sible interactions with other CVD risk factors, including age, race, and ethnicity. 2. Pool population study data to better describe the distribution and determinants of inflammatory markers in the general population and in population subgroups. 3 . Study existing and new cohorts to examine the distribution and determinants of hsCRP and other inflammation markers and their association with CVD across a broader range of ethnic subgroups; studies of African American and Hispanic populations are particularly needed. 4. Study the distribution and determinants of hsCRP and other inflammation markers in children, young adults, and older adults. 5. Study the cost-effectiveness of hsCRP screening.
Discussion
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we focused on CRP, which is measured with highsensitivity assays, because CRP was the main topic of the workshop and this marker appears to be a stable analyte and has been subject to numerous recent studies. A given inflammatory marker may or may not estimate all aspects of the underlying inflammatory processes, especially as they may affect CVD risk, and different markers may differ in their specificity for CVD as opposed to infection, cancer, or other diseases. The present group noted that fibrinogen has been studied for more years than other inflammatory markers because it is also thought to be related to the thrombogenic aspects of CVD. Studies of fibrinogen have been hampered, however, by the lack of a standardized and reliable assay. The group noted that given the wealth of epidemiological information on fibrinogen, it would likely be reasonable to develop a better, standardized assay (see the recommendations of the Laboratory Science Discussion Group). The present discussion group reviewed a summary of published prospective studies on hsCRP and CVD including 13 nested case-control studies, 1 case-cohort study, and 11 traditional cohort studies. Of the nested case-control studies, 10 provided relative-risk estimates for coronary heart disease (CHD). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] All of the studies but 2 3,5 found a positive, significant relationship between hsCRP concentration and CHD. In general, these studies indicated that the relationship was linear (further study of the possibility of a nonlinear threshold effect is warranted, however). Several other nested case-control studies reported significant associations between CRP and mixed CVD events [12] [13] [14] or sudden cardiac death. 15 MI indicates myocardial infarction; SCD, sudden cardiac death; SBP, systolic blood pressure; DM, type 2 diabetes mellitus; CVD, cardiovascular disease; AMI, acute myocardial infarction; BMI, body mass index (wt/ht 2 ); TC, total cholesterol; HDL, high-density lipoprotein-cholesterol; DBP, diastolic blood pressure; LTPA, leisure time physical activity; ICD, International Classification of Diseases, 9th revision; IGT, impaired glucose tolerance; TG, triglyceride; IHD, ischemic heart disease; PAD, peripheral arterial disease; FEV1, forced expiratory volume at 1 s; SES, socioeconomic status; UA, unstable angina; FH, family history of CHD; TIA, transient ischemic attack; and CI, coronary insufficiency. Other abbreviations as in text.
*No. of events reported for 1395 participants. †No. of events reported for 1690 participants.
Two additional studies 2,16 demonstrated significant associations between hsCRP and stroke. Six traditional (not nested) cohort studies (Table 1) have examined the relationship between CRP and CHD. [17] [18] [19] [20] [21] [22] In addition, 1 cohort study focused on stroke as the sole outcome of interest, 23 and 3 cohort studies used combined CVD end points. 24 -26 Of the 6 cohort studies of CHD, 3 did not find a significant association between CRP concentration and CHD after adjustment for various potential confounders. 19, 20, 22 Three studies reported significant independent associations between CRP and CVD. 17, 18, 21 Two of 3 cohort studies failed to find significant associations between CRP concentration and death from CVD. 24 -26 One cohort study described a significant association between CRP concentration and stroke among both men and women. 23 Significant associations between CRP concentration and smoking status (present and past), blood pressure, lipid concentrations, body mass index or other anthropometric variables, plasma glucose level and type 2 diabetes mellitus, and physical activity have been described. 27 In addition, age is positively correlated with CRP concentration. 28 Thus, in studying the potential relationship of hsCRP to CVD after traditional risk factors are measured, a minimal set of covariates should include age, smoking status, blood pressure, lipid concentrations, glucose level, and body mass index or other anthropometric variables. Only 2 nested case-control studies and no cohort study of CHD included these 6 variables as matching or confounding variables. 4, 7 Relatively few nested case-control studies of CHD or CVD have adjusted for type 2 diabetes mellitus, 2,10 -13,15 and only 2 studies have used measurements of fasting glucose concentration or fructosamine. 10, 14 Only 2 studies have adjusted for physical activity. [11] [12] [13] Because studies have generally shown substantial attenuation of risk ratios as the number of covariates has increased, the risk estimates demonstrated by many of the nested case-control studies may overestimate the independent risk ratios. Studies also need to consider medication use carefully because estrogen replacement and 3-hydroxy-3methylglutaryl coenzyme A reductase inhibitors raise and lower hsCRP, respectively. Danesh and colleagues 29 described a risk ratio of 1.7 for the highest tertile of CRP (Ͼ2.4 mg/L) as compared with the lowest CRP tertile (1.0 mg/L). In their updated meta-analysis published in 2000, which included both nested case-control and full cohort studies, the authors calculated a risk ratio of 2.0 (95% CI 1.6 to 2.5) for the top tertile as compared with the bottom tertile. 7 A superficial examination of the full cohort study data, in which to date the control for confounding appears to be more complete, suggests that the risk ratio is likely lower ( Table 2 ). With data from 4 studies that reported a measure of relative risk for the top quartile or quintile that was maximally adjusted except for other inflammatory markers such as fibrinogen, the estimates are Ϸ2.6, 1.53, 1.60, and 1.0. 18 -20,22 Furthermore, in the Air Force/ Texas Coronary Atherosclerosis Prevention Study, the relative risk per quartile of CRP was 1.17. This number would suggest that participants in that trial with a CRP in the highest quartile would have a risk of 1.60, which is consistent with the median risk of the other studies.
The present discussion group was asked to address the following 6 questions:
What is the distribution of inflammatory markers in the general population (in contrast to clinical populations)?
a. Do distributions of inflammatory markers vary among groups defined by age, sex, ethnicity, and prevalence of diseases? b. What is the prevalence of high-risk levels in the population? c. Does the prevalence of the high-risk designation vary by age, sex, ethnicity, and prevalence of diseases?
As noted, a flurry of studies relating inflammatory markers, particularly hsCRP, to CVD incidence have been conducted in the past decade. Although most of these studies have been prospective, they have often used nested casecontrol designs, which do not provide data on the distribution of the markers in the study population. Furthermore, matching of cases and controls limits comparisons across sex and age. Most studies to date also have been carried out in groups of people of European ancestry, and there are few data on African populations or African Americans in particular. Most of the available data are on fibrinogen, white blood cell count (WBC), and hsCRP, and much less is known about cytokines and adhesion molecules at the population level. The use of different assays across studies also makes it difficult to define cutpoints.
With these cautions in mind, it appears that the distribution of hsCRP is skewed to the right and is normalized by log transformation; fibrinogen exhibits a near-normal distribution. The relationship between hsCRP and risk is most likely linear, making the definition of high risk arbitrary, as is usually the case for risk markers. It is probably reasonable to consider the top tertile as "elevated" and the top quintile as "high risk." The distribution of high-risk levels in subpopulations is not well defined.
What is the population-attributable risk and the population-attributable risk fraction for CVD using high-risk levels of inflammatory markers? What proportion of clinical events, deaths, or both from CVD might be predicted in the population?
It is premature to calculate population-attributable risk because the association between inflammatory markers and CVD has not been shown to be causal. Also, as discussed above, the strength of the association between hsCRP and CVD end points, when fully adjusted for other established CVD risk factors, is still somewhat uncertain, as is the proportion of the population who should be defined as high risk. If we ignore these caveats and use the range of relative risks from the published studies and use a high-risk definition of the top quintile, then it appears that the populationattributable risk would be between 10% and 25%. 
Do inflammatory markers correlate with other risk factors and behaviors in population
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There appear to be strong correlations between inflammatory markers, particularly fibrinogen and hsCRP, and the elements of the metabolic syndrome; ie, people with obesity, central adiposity, physical inactivity, and type 2 diabetes mellitus have higher levels of inflammatory markers. In addition, smoking and hormone replacement therapy elevate hsCRP. There are also early indications that weight loss lowers levels of inflammatory markers.
Inflammation, as measured (imperfectly) by fibrinogen, WBC, and hsCRP, appears to be an independent risk factor in middle-aged white men and women. More data exist for fibrinogen and WBC, but hsCRP also appears to be independent and clearly is more easily and reliably measured than is fibrinogen. More data are needed on younger populations and in multiple ethnic groups, especially African Americans and Hispanics. The control for other risk factors has been incomplete in some of the published studies, and the matching design also has limitations. The early population-wide studies do indicate independence, but the strength of the association appears weaker than indicated in the earlier studies (with a relative risk about 2.0 or below in fully adjusted models). Thus, the degree of improvement of global risk prediction by the addition of inflammatory markers is not yet well established. Improvements in the area under the receiver-operating curve may be rather modest across entire populations, but it is important to note that this does not mean that inflammatory markers would not be useful predictors of CVD in selected populations, especially those at intermediate risk. The addition of inflammatory markers to global risk prediction in patients at intermediate risk could result in a significant increase in the "posttest probability" of CVD, which would be useful clinically. The use of hsCRP for screening cannot be recommended with confidence until this strategy meets more of the usual criteria for screening, 30 is shown to reduce morbidity and mortality in a clinical trial, or both. The nonspecificity of elevated CRP may be particularly problematic in applying the population-level results to individual patients, with the possibility of necessitating multiple determinations and potentially expensive searches for noncardiovascular causes of elevated CRP. 31 The present group thought that additional prospective studies of more diverse populations, including a full range of potential confounding variables, would be helpful at this juncture. It is likely that a number of these studies are already in progress, but new studies may be needed to broaden the number of ethnic subgroups studied.
What is the role of inflammatory factors in the causal pathway? Do inflammatory factors predict risk independently, spuriously because of confounding, or nonindependently as intermediary steps through which other risk factors act?
Clearly, there is confounding between inflammatory markers and other established risk factors, but there is also an independent component of the association. The number of positive studies to date makes it unlikely that this association is spurious; however, the role of inflammatory markers in the causal pathway is still unclear, which does not necessarily detract from the usefulness of inflammatory markers as risk markers. Inflammation may play a role in any of the developmental stages of CVD, including the initiation and progression of atherosclerosis, plaque formation, plaque rupture, and thrombosis. A wealth of nonepidemiological data indicate that inflammation is an important cause of the development of atherosclerosis and thus CVD. Causality has not been demonstrated for specific markers in experimental epidemiological studies (ie, randomized controlled trials). Thus, it is unknown whether any specific marker is involved in the causal chain, mediating the effects of other risk factors (eg, diabetes or obesity) or merely reflecting the presence of undiagnosed atherosclerosis. Additional basic and clinical research will likely shed more light on these issues, as will clinical trials once appropriate interventions are identified.
Do inflammatory markers or clusters of inflammatory markers identify high-risk subjects in a cost-effective manner? What is the cost per newly identified highrisk subject with inflammatory markers relative to standard means of risk estimation (eg, individual risk factors, multiple risk scores)?
Until the ability of hsCRP to improve risk stratification is better established, it is premature to speculate on costeffectiveness. CRP can be measured at relatively low cost, even with the high-sensitivity assay, particularly when compared with the imaging studies that also have been advocated for primary screening (carotid ultrasound and coronary calcium quantification by computed x-ray tomography). In addition, hsCRP measurement could be less prone than imaging studies to stimulate expensive and perhaps unnecessary clinical testing and even coronary catheterization.
Do infections and other inflammatory disease cause CVD through increases in inflammatory mediators?
This question could be important in determining the population-level contribution of inflammation to CVD burden; however, the question cannot be answered at this time. Studies of the relationship between infectious burden and CVD have been limited by measures of previous infection rather than long-term, persistent, or active infection. In addition, the role of infection in stimulating inflammation and therefore atherosclerosis is not established.
